Nemo-like kinase promotes etoposide-induced apoptosis of male germ cell-derived GC-1 cells in vitro  by Cheng, Xiaowen et al.
FEBS Letters 586 (2012) 1497–1503journal homepage: www.FEBSLetters .orgNemo-like kinase promotes etoposide-induced apoptosis of male germ cell-derived
GC-1 cells in vitro
Xiaowen Cheng a, Junbo Liang a,⇑, Yu Teng c, Jun Fu a, Shiying Miao a, Shudong Zong b, Linfang Wang a,⇑
a State Key Laboratory of Medical Molecular Biology, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences, Peking Union Medical College, Tsinghua University,
5 Dong Dan San Tiao, Beijing 100005, China
bNational Research Institute for Family Planning Beijing, WHO Collaboration Center of Human Reproduction, Beijing 100081, China
cDepartment of Cellular and Molecular Biology, Beijing Chest Hospital, Capital Medical University, 97 Bei Ma Chang, Beijing 101149, China
a r t i c l e i n f o a b s t r a c tArticle history:
Received 24 January 2012
Revised 27 March 2012
Accepted 3 April 2012
Available online 18 April 2012






Spermatogenesis0014-5793/$36.00  2012 Federation of European Bio
http://dx.doi.org/10.1016/j.febslet.2012.04.005
Abbreviations: NLK, nemo-like kinase; shRNA, sm
rescence-activated cell sorting; qRT-PCR, quantitativ
nohistochemistry; IF, immnoﬂuorescence
⇑ Corresponding authors. Fax: +86 10 6524 0529.
E-mail addresses: junboliang@163.com (J. Liang), lfwSpermatogenesis is an extremely intricate process that is tightly regulated and orchestrated by a ser-
ies of well-coordinated gene expression programmes. Nemo-like kinase (NLK) is an evolutionarily
conserved serine/threonine kinase that functions in a wide variety of developmental events. Never-
theless, the function of NLK in spermatogenesis has not been investigated. In this study, we found
that the distribution of NLK in mice exhibited a dynamic change during testicular development
and gradually became concentrated in the acrosomes of elongated spermatids. NLK overexpression
promoted etoposide-induced apoptosis of male germ cell-derived GC-1 cells, while knockdown of
NLK by RNA interference (RNAi) attenuated etoposide-induced apoptosis. Our ﬁndings suggest that
NLK plays an important role in etoposide-induced germ cell apoptosis and may be associated with
spermatogenesis.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mammalian spermatogenesis is an intricately developmental
event that includes several well-coordinated processes, such as cell
proliferation, differentiation and apoptosis, which cooperate to
establish fertility in adulthood [1].
Apoptosis plays a pivotal role in spermatogenesis. During male
germ cell development, up to 75% of all male germ cells are dis-
carded through the process of apoptosis [2]. Cell death during sper-
matogenesis either occurs spontaneously or by induction from a
variety of apoptotic stimuli, including physical stimulation, chem-
ical reagents, environmental toxicants, and heat. Etoposide, a com-
monly used drug in testicular cancer chemotherapy, can also
promote apoptosis [3]. In germ cells, gene expression is a well-
coordinated program and results in a transcriptional network that
tightly regulates male germ cell death [4,5]. Thus, identifying and
further characterising speciﬁc genes involved in male germ cell
apoptosis will help elucidate the mechanism of spermatogenesis
and aid in the development of novel therapeutic regimens forchemical Societies. Published by E
all-hairpin RNA; FACS, ﬂuo-
e real-time-PCR; IHC, immu-
angz@yahoo.com (L. Wang).targeted approaches to male contraception and the treatment of
germ cell tumors and infertility.
Nemo-like kinase (NLK) is a mouse homolog of Drosophila
nemo, an evolutionarily conserved serine/threonine kinase. NLK
is a member of the atypical MAPK family and contains a unique
activating phosphorylation sequence, Thr-Gln-Glu, in the activa-
tion loop upstream of conserved kinase domain VIII [6,7]. NLK
has been shown to be involved in a wide variety of developmental
events, including eye and wing development in Drosophila [8–10],
endoderm induction in Caenorhabditis elegans and Xenopus [11,12],
midbrain anteroposterior patterning and neurogenesis in zebraﬁsh
[13,14] and oocyte maturation in Xenopus [15]. However, a func-
tional role for NLK in spermatogenesis, a paradigm for develop-
ment, has not been investigated.
In this study, we address the distribution of NLK in the testes
and the role of NLK in germ cell apoptosis. Our data show that
the distribution of NLK is developmentally related. NLK exhibits a
dynamic change in developing mouse testes and gradually
becomes concentrated in the acrosomes of elongated spermatids.
Moreover, we found that NLK is involved in etoposide-induced
apoptosis in GC-1 cells, which is a mouse spermatogonia-derived
cell line featured by its ability to differentiate into spermatids
in vivo [16,17]. Collectively, our ﬁndings provide an initial charac-
terization of NLK and its potential role in spermatogenesis.lsevier B.V. All rights reserved.
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2.1. Tissues and cells
Tissue samples prepared from adult BALB/c mice were used to
examine the spatial expression pattern of NLK, while testes tissues
obtained from male BALB/c mice at different ages, from 1 to
5 weeks after birth, were used to examine the temporal expression
pattern in male germ cells. All experimental and surgical proce-
dures were approved by the Animal Ethics Committee of National
Research Institute for Family Planning, Beijing.
GC-1 spg cells were purchased from the American Type Culture
Collection (ATCC). HEK293T cells were obtained from the Cell
Resource Centre, Institute of Basic Medical Sciences, Chinese Acad-
emy of Medical Sciences (CAMS). Both cell lines were cultured in
Dulbecco’s Modiﬁed Eagles Media (Thermo, Beijing, CN) supple-
mented with 10% fetal bovine serum (FBS) and 100 U/ml penicil-
lin–streptomycin (Invitrogen, Carlsbad, CA) and maintained at
37 C with 5% CO2.2.2. Expression plasmids
The original multiple colony site (MCS) (BglII-XhoI-HpaI-EcoRI),
found in the pMSCVpuro retroviral vector, was replaced with the
following restriction enzyme sites: BglII-XhoI-NcoI-SalI-HpaI-
BamHI-AvrII-EcoRI. A tandem Flag-StrepII tag was then introduced
into the modiﬁed pMSCVpuro vector at either the BglII/XhoI or the
BamHI/EcoRI site to create an N-terminal or C-terminal tag,
respectively.
The coding region of mouse NLK was ampliﬁed by PCR from a
mouse testes cDNA library. The forward primer was 50-TCCGC
TCGAG ATGTC TCTTTG TGGCA CAAGA GCCAA CGC-30 and the re-
verse primer was 50-CGCGG ATCCT CACTC CCACA CCAGA GGAGA
CGGCG-30. PCR products were cloned into the modiﬁed pMSCVp-
uro vector at the XhoI/BamHI site downstream of the N-terminal
Flag-StrepII tag, resulting in the pMSCVpuro-N-Flag-StrepII-NLK
retroviral vector.
A lentiviral based vector, pLentilox 3.7, was used to express
both NLK small-hairpin (shRNA) and control shRNA in GC-1 cells.
Brieﬂy, chemically synthesised oligonucleotides were annealed
and inserted into the pLentilox 3.7 vector between the HpaI
and XhoI sites. All constructs were conﬁrmed by sequencing.
Two sequences, 50-GCAATTCTGGAGGTTAATCATGCTTGTAC-30 and
50-GAACCTCAGCTCTGTCCGA-30, targeted mouse NLK. The nega-
tive control shRNA , 50-TAAGGCTATGAAGAGATAC-30, targeted
luciferase.2.3. Production of retrovirus and lentivirus and generation of GC-1
stable cells
A retroviral vector expressing Flag-StrepII-NLK was co-transfec-
ted with helper plasmids containing gag-pol and env into HEK293T
cells. After 48 h, the supernatant was collected, ﬁltered through a
0.22 lM ﬁlter and concentrated by centrifuging the solution at
18,000 rpm for 3 h at 4 C. To infect GC-1 cells, the translucent pel-
let was resuspended in PBS and added to cells cultured in a 60 mm
dish. GC-1 cells stably expressing NLK were selected after growing
in media containing 2 lg/ml puromycin (Sigma–Aldrich, St. Louis,
MO) for 2 weeks.
Lentivirus vectors expressing either NLK shRNA or non-target-
ing shRNA were transfected into HEK293T cells along with packing
plasmids. The lentivirus was prepared as described above. GC-1
cells stably expressing NLK shRNA and non-targeting shRNA were
identiﬁed and obtained by ﬂuorescence-activated cell sorting
(FACS).2.4. Antibodies
Antibodies against Bcl-2, Bax and cleaved caspase-3 were pur-
chased from Cell Signaling Technology (Beverly, MA). Other anti-
bodies used in this study were: an anti-NLK used for western
blot (Bethyl, Montgomery, TX), an anti-NLK used for immunohisto-
chemistry and immunoﬂuorescence (Abcam, Cambridge, UK), an
anti-Flag (cloneM2) (Sigma–Aldrich, St. Louis, MO), an anti-GAPDH
(Zhongshanjinqiao, Beijing, CN), and a Cy5-labeled goat anti-rabbit
secondary antibody (Invitrogen, Carlsbad, CA).
2.5. Quantitative real-time-PCR (qRT-PCR)
Total RNA frommouse tissues and GC-1 cells was extracted with
TRIzol reagent (Invitrogen, Carlsbad, CA), and 1 lg of isolated total
RNA was converted to cDNA using the First-Strand cDNA Synthesis
kit (Toyobo, Osaka, Japan). Power SYBR green master mix (Applied
Biosystem, Foster City, CA) was added to cDNA samples that were
then subjected to qRT-PCR using the StepOne Real time PCR system.
Relative NLKmRNA levels were normalized against the housekeep-
inggeneGAPDH. Theprimers forqRT-PCRwereas follows.A forward
primer, 50-ACAGCCATATTTCCCATCCC-30, and reverse primer, 50-
AGATTCTGGAAGACGTTGGG-30, was used to amplify NLK. A forward
primer 50-TGAGTACGTCGTGGAGTCCA-30, and reverse primer, 50-
TAGACTCCACGACATACTCA-30, was used to amplify GAPDH.
2.6. Immunohistochemistry (IHC) and immunoﬂuorescence (IF)
Slices from mouse testes were prepared and analysed by IHC as
previously described [18]. Frozen sections from mouse testes were
used for subsequent IF analyses, which were performed according
to procedures previously described [19].
The isolation of mouse germ cells was performed as previously
described [20]. Freshly prepared spermatogenic cell suspensions
were smeared onto slides. Dispersed germ cells were then ﬁxed
with 4% paraformaldehyde, followed by treatment with 0.5% Triton
X-100 for 30 min and then blocking with 3% BSA in PBS buffer. Cells
were then incubated with an anti-NLK antibody followed by incu-
bation with an Cy5-labeled secondary antibody and FITC-labeled
PNA (peanut agglatinin, PNA) (Sigma–Aldrich, St. Louis, MO). For
the control samples, the primary antibody was replaced with a rab-
bit IgG from the same species. Nuclei were stained with 1 lg/mL
DAPI (Sigma–Aldrich, St. Louis, MO). Fluorescence was detected
with a LEICA TCS NT laser confocal microscope.
2.7. Cell treatment and Western blot
GC-1 cells stably expressing either NLK or NLK shRNA at 80%
conﬂuence were treated with 100 lM etoposide (Sigma–Aldrich,
St. Louis, MO) or caspase inhibitors (MBL, International Woburn,
MA) for the indicated times. Cells were then harvested and lysed
with 1X SDS lysis buffer containing 50 mM Tris–HCl [pH 6.8],
10% Glycerol, and 2% SDS. Cell lysates were boiled for 10 min and
then centrifuged at 13,000 rpm for 15 min at room temperature.
Samples were separated by 12% SDS–PAGE and transferred to a
PVDFmembrane (GE Healthcare, Piscataway, NJ). Membranes were
blocked in 5% BSA for 2 h, followed by a 4 C overnight incubation
with primary antibodies. Primary antibodies were detected with
corresponding horseradish peroxidase-conjugated secondary anti-
bodies (Zhongshanjinqiao, Beijing, CN) coupled with enhanced
chemiluminescence reagents (Engreen, Beijing, CN).
2.8. Flow cytometry analysis
GC-1 cells stably expressing either NLK or NLK shRNA were
treated with 100 lM etoposide for 12 h. An FITC-labeled Annexin
X. Cheng et al. / FEBS Letters 586 (2012) 1497–1503 1499V/PI Apoptosis Kit (Invitrogen, Carlsbad, CA) or a PE-labeled Annex-
inV Apoptosis Kit (Biyuntian, Beijing, CN) was used to stain cells
according to the manufacturer’s instructions. Apoptotic cells were
analysed with a BD Accuri C6 Flow Cytometer and corresponding
CellFIT software.
2.9. Statistical analysis
The data were subjected to Student’s t-test and are presented as
the mean ± SD. A P value <0.05 was considered statistically
signiﬁcant.
3. Results
3.1. NLK is highly expressed in testes and may be involved in
mammalian spermatogenesis
Although the expression pattern of NLK mRNA in mouse tissues
was previously shown, its distribution in testicular and ovarian tis-
sues was not included. Thus, we isolated mouse tissues and exam-
ined NLK expression through qRT-PCR and western blots. These
experiments showed that adult mouse testes exhibited a higher
expression of NLK compared to the other tissues examined
(Fig. 1A and B). We also examined testes from mice at different
ages after birth to assess the temporal expression of NLK. As shown
in Fig. 1C and D, NLK expression exhibited dynamic variation
throughout the establishment of spermatogenesis. The lowest level
of NLKmRNA expression appeared during the ﬁrst week after birth.
During the second week, expression increased robustly, reached a
peak and then remained high, While the NLK protein levels showed
a similar expression pattern, we observed peak protein expression
levels 1 week later than peak mRNA expression levels. These ﬁnd-Fig. 1. The expression of NLK in a panel of mouse tissues and its temporal expression in d
analysed by quantitative RT-PCR. (B) The expression pattern of NLK in a panel of tissues
levels of NLK in testes of mice ranging from 1 to 5 weeks after birth were detected by qRT
is the abbreviation for ‘‘week’’. Each number represents the age of mice after birth. An aings suggest that NLK may be involved in regulating mammalian
spermatogenesis.
3.2. The localization of NLK exhibits dynamic variation in the
developing mouse testes and predominantly localizes in the
acrosome of the elongated spermatids in the adult mouse testes
We further investigated the distribution of NLK in adult mouse
testes to understand how NLK may function in spermatogenesis.
Fig. 2A shows that NLK localizes to the acrosomes of spermatids
in adult mouse testes. Interestingly, we found that NLK underwent
a dynamic change from an initially universal distribution to ulti-
mately becoming concentrated in the acrosome (Fig. 2B). This ﬁnd-
ing indicates that NLK localization is not permanent during the
establishment of spermatogenesis and suggests that NLK may play
pivotal roles at different stages of spermatogenesis.
3.3. NLK promotes etoposide-induced apoptosis of male germ
cell-derived GC-1 cells
To evaluate the putative roles of NLK in spermatogenesis, we
chose a mouse-derived spermatogonia cell line, GC-1 spg (GC-1),
which is an in vitro cell line model of germ cells. We found that
the distribution of NLK in spermatogonia cells also existed
(Fig. 3A). NLK has been shown to regulate apoptosis in some so-
matic cancer cells [21–24]. Thus, we examined the occurrence of
apoptosis in GC-1 cells after exposure to etoposide, a commonly
used drug in testicular cancer chemotherapy, in cells that either
overexpressed NLK or cells that showed low amounts of NLK. To
do so, we used GC-1 cells that either stably expressed NLK (Flag-
NLK) (Fig. 3B) or GC-1 cells that contained a NLK shRNA.eveloping mouse testes. (A) The tissue distribution of NLK mRNA in adult mice was
from adult mice was determined by western blot. (C and D) The mRNA and protein
-PCR and western blot. Each assay was repeated three times with similar results. W
sterisk denotes a signiﬁcant difference.
Fig. 2. The location of NLK exhibits dynamic variation in developing mouse testes and predominantly localizes to the acrosome of spermatids in the adult mouse testes. (A)
NLK mainly localizes to the acrosome of spermatids in adult mouse testes. Frozen sections from adult mouse testes were subjected to IF analysis with an anti-NLK antibody
followed by incubation with Cy5-labeled secondary antibody and FITC-labeled PNA. Fluorescence signals were collected and analysed through confocal microscopy. Nuclei
were stained with DAPI. Scale bars represent 30 lm. (B) The location of NLK exhibits dynamic variation in the developing mouse testes. IHC analysis was performed with an
anti-NLK polyclonal antibody (bottom panel) to clarify the localization of NLK in mouse testes at different ages after birth. A negative control was performed using normal
rabbit IgG (upper panel). black arrow: round spermatids; blue arrow: elongated spermatids. Scale bars represent 25 lm.
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of apoptosis increased signiﬁcantly in GC-1 cells stably expressing
NLK compared to control GC-1 cells exposed to etoposide for 12 h
(Fig. 3C). Apoptosis is usually accomplished by one of the two
canonical pathways, the extrinsic pathway or the intrinsic path-
way. In the extrinsic pathway, apoptosis is achieved through FAS/
FASL-mediated activation of the caspase cascade reaction. In the
intrinsic pathway, Bcl-2, Bax, cytochrome c and other apoptogenic
factors from the mitochondria activate the caspase cascade reac-
tion to promote apoptosis [3]. To further characterize how NLK
levels affect apoptosis, we examined the expression of both apop-
totic and anti-apoptotic factors. Fig. 3D shows that in GC-1 cells
overexpressing NLK, the level of Bcl-2, an anti-apoptotic protein,
decreased signiﬁcantly, whereas the expression of Bax remained
unchanged. In contrast, we observed a dramatic increase in the lev-
els of cleaved caspase-3, which was considered as an acknowl-
edged indicator of apoptosis. More intriguingly, increased
cleavage of caspase-3 was still observed in GC-1 cells stably
expressing NLK even if caspase-9 inhibitor Z-LEHD-FMK existed
(Fig. 3E).
We also introduced two shRNAs targeting different regions of
the NLK transcript into GC-1 cells to attenuate the expression of
endogenous NLK. Western blot and qRT-PCR showed that NLK
expression was effectively downregulated (Fig. 4A and B). GC-1
cells stably expressing NLK shRNA #2 were chosen for subsequent
assays. Under the same conditions, a smaller percentage of GC-1
cells expressing NLK shRNA underwent apoptosis compared to
cells expressing non-targeting shRNA (Fig. 4C). Accordingly, wes-
tern blot analysis revealed an elevated level of Bcl-2 along with a
decrease in the levels of cleaved caspase-3 when NLK expression
was attenuated (Fig. 4D). Similarly, the cleavage of caspase-3 was
also lessened in GC-1 cells expressing NLK shRNA when caspase-
9 inhibitor Z-LEHD-FMK was introduced (Fig. 4E). Taken together,
these observations imply that NLK modulates apoptosis by pro-
moting etoposide-induced apoptotic effects.4. Discussion
It is well established that germ cell apoptosis plays a principal
role in several processes closely related to mammalian spermato-
genesis [25]. An early wave of germinal cell apoptosis in immature
testes is a hallmark of spermatogenesis and is required for main-
taining the balance between germ cells and Sertoli cells [26]. In
adult mouse testes, the elimination of an excessive production of
spermatogonia is also achieved by apoptosis. Moreover, apoptosis
of defective germ cells is critical for maintaining genetic ﬁdelity
and normal fertility. A large number of testes-speciﬁc and highly
expressed genes have been identiﬁed to be involved in regulating
various aspects of apoptosis during different stages of spermato-
genesis [17,27–29]. The identiﬁcation and characterization of these
genes have provided deep insights into underlying mechanisms
that regulate germ cell apoptosis in spermatogenesis.
In this study, we identiﬁed NLK as a protein that is highly
expressed in mouse testes. Although the expression pattern of
NLK mRNA was shown previously, the distribution of NLK in the
reproductive system was not included. Given our results and the
data from the previous study, we propose that NLK is more abun-
dant in adult mouse testes compared to all other tissues that have
been examined. Furthermore, our ﬁndings provide detailed infor-
mation about the localization of NLK in mouse testes at different
ages. The NLK concentration in the acrosome of elongated sperma-
tids in the developing mouse testes indicates that NLK may be in-
volved in acrosome biogenesis during spermiogenesis and the
acrosome reaction during sperm-egg binding. Except for a predom-
inant localization in the acrosome of adult mouse testes, the rela-
tively low distribution of NLK in spermatogonia cells implies that
NLK may function as a modulator in processes required for normal
spermatogenesis, including cell proliferation, differentiation and
apoptosis.
Given the fact that NLK has been proposed to regulate apoptosis
in some somatic cancer cells, we investigated the involvement of
Fig. 3. Ectopic expression of NLK in GC-1 cells leads to an increase in apoptosis induced by etoposide. (A) The distribution of NLK in dispersed spermatogenic cells.
Spermatogenic cell populations were isolated from adult mouse testes with collagenase. The dispersed spermatogenic cells were then smeared onto slides and ﬁxed as
indicated for subsequent IF analysis. White arrow: spermatogonia cell. Scale bars represent 30 lm. (B) The expression level of NLK in GC-1 stable cells. The asterisk indicates
the exogenous NLK and the black arrow denotes the endogenous NLK. (C) FACS analysis was performed to evaluate apoptosis in GC-1 cells stably expressing NLK and control
GC-1 cells. GC-1 cells exposed to etoposide (100 lM) for 12 h were harvested and stained with FITC-labeled Annexin V and PI separately, followed by FACS analysis to
determine the percentage of apoptotic cells. Data are presented as the mean ± SD from three independent experiments. An asterisk denotes a signiﬁcant difference. ‘‘+’’
represents ‘‘etoposide +’’ and ‘‘’’ represents ‘‘etoposide ’’ (D) GC-1 stable cells were treated with etoposide (100 lM) and harvested at the indicated times. Cell lysates were
prepared and blotted with the indicated antibodies. (E) GC-1 cells stably expressing NLK or the control cells were pretreated with caspase-8 inhibitor Z-IETD-FMK (50 lM) for
1.5 h or caspase-9 inhibitor Z-LEHD-FMK (100 lM) for 0.5 h followed by the incubation with etoposide (100 lM) for 9 h. Cell lysates were prepared and blotted with the
indicated antibodies. GAPDH was used as a loading control.
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puriﬁed primary spermatogonia cells. Therefore, we examined
apoptosis in a mouse-derived spermatogonia cell line, GC-1 spg,
which is a widely used in vitro cell model [30–32] that has the abil-
ity to differentiate into mature spermatids [16,17]. Our ﬁndings
demonstrated that NLK participates in etoposide-induced apopto-
sis of GC-1 cells. Although in vivo experiments still need to be
performed, it is logical to suggest that NLK enhances etoposide-
induced apoptosis based on the ﬁndings that GC-1 cells expressing
NLK were more sensitive to etoposide, while GC-1 cells expressing
NLK shRNA were more resistant to etoposide.
Apoptosis is induced by two distinct pathways. The extrinsic
pathway is characterized by the stimulation of cell surface death
receptors [33]. The intrinsic pathway is initiated by mitochondrial
outer membrane permeabilization (MOMP), which allows soluble
proteins (e.g., cytochrome c) in the mitochondrial intermembranespace (IMS) to diffuse into the cytosol. Cytochrome c engages apop-
totic protease activating factor-1 (APAF-1) to oligomerize into a
caspase activation platform termed the apoptosome, which binds
and promotes the activation of initiator caspase-9, leading to the
ultimate activation of executioner caspases-3 and -7. The caspases
cleave cellular substrates to elicit the apoptotic phenotype [34].
During the process of mitochondria-dependent intrinsic pathway
for apoptosis, MOMP is tightly regulated by complex interactions
among Bcl-2 family members and the concentrations of diverse
cellular proteins [35]. The anti-apoptotic member Bcl-2 functions
as an inhibitor of mitochondria permeabilization by changing con-
formation in the mitochondria membrane to bind membrane-in-
serted Bax monomers and prevent productive oligomerization of
Bax with Bak, which promotes MOMP [36]. Thus, the ratio of the
pro-apoptotic member Bax to the anti-apoptotic member Bcl-2
serves as the major checkpoint upstream of the intrinsic pathway
Fig. 4. Knockdown of NLK in GC-1 cells attenuates etoposide-induced apoptosis. (A and B) The efﬁciency of shRNAs targeting NLK was veriﬁed by qRT-PCR (A) and western
blot (B). GC-1 cells infected with lentivirus encoding the indicated shRNAs were selected by FACS. GFP-positive GC-1 cells were used to determine the RNAi efﬁciency by qRT-
PCR and western bolt analysis. Data were measured in triplicate. values and bars represent the mean and standard deviation, respectively. (C) GC-1 cells stably expressing
NLK shRNA or the non-targeting shRNA were incubated with etoposide (100 lM) for 12 h, followed by staining with PE-labeled Annexin V. FACS analysis was then conducted
to detect apoptosis of cells. ‘‘+’’ represents ‘‘etoposide +’’ and ‘‘’’ represents ‘‘etoposide ’’ (D) GC-1 cells used in (C) treated with etoposide (100 lM) and harvested at the
indicated times. Cell lysates were subjected to western blot analysis with the corresponding antibodies. (E) GC-1 cells stably expressing NLK shRNA or the non-targeting
shRNA were pretreated with caspase-8 inhibitor Z-IETD-FMK (50 lM) for 1.5 h or caspase-9 inhibitor Z-LEHD-FMK (100 lM) for 0.5 h followed by the incubation with
etoposide (100 lM) for 9 h. Cell lysates were prepared and blotted with the indicated antibodies. GAPDH served as a loading control.
1502 X. Cheng et al. / FEBS Letters 586 (2012) 1497–1503[37]. During our examination of a possible mechanism for how NLK
promotes etoposide-induced apoptosis, we detected Bcl-2, Bax
expression and the cleavage of caspase-3. The dramatic decrease
in the levels of Bcl-2 in GC-1 cells expressing NLK may directly eli-
cit the release of monomer Bax from mitochondria membrane and
ensuing oligomerization of Bax with Bak, which promotes MOMP
and the occurrence of apoptosis. By contrast, in GC-1 cells express-
ing NLK shRNA, the remarkable decrease in the ratio of Bax/Bcl-2
may inhibit MOMP and the occurrence of apoptosis. Therefore,
the dramatic changes in the ratio of Bax/Bcl-2 suggest that NLK
may mediate apoptosis through a mitochondria-dependent path-
way in GC-1 cells.Due to the early embryonic lethal phenotype [38], conditional
NLK/ mice or NLK transgenic mice may help clarify the function
of NLK in spermatogenesis. Further, investigations are also
needed to deﬁne the underlying mechanism for this regulation
and clarify the relationship of NLK to other known signaling
pathways.
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